The study area is a Water Resources Management Unit #11 (WRMU-11), with steep slopes and very dissected and undulated relief, located in last continuous remaining parts of the Atlantic Forest in the State of São Paulo (Brazil). This paper presents a new predictive model for the identification of susceptible areas to erosion and landslides in the WRMU-11 region by combining geotechnical tools and field work. In order to evaluate the methodology, multi-criteria analysis was performed using the IDRISI Andes software. The areas that are more susceptible to erosion are located in Apiaí, Barra do Chapéu, Barra do Turvo, Cajati, Eldorado, Itaóca, Itapirapuã Paulista and Ribeira. 128 landslide occurrences observed in field surveys in the Ribeira de Iguape River Valley were plotted on the landslide susceptibility map. Ten occurrences were situated in areas classified as low susceptibility to landslides; fifty-six occurrences in areas of moderate susceptibility, fifty-five in areas of high susceptibility, and seven in areas were situated in areas of very high susceptibility to landslides. Field data showed that the Erosion and Landslide Susceptibility Maps, in 1:250,000 scale, provide reliable predictions.
Development and assessment of an erosion and landslide predictive model for the coastal region of the State of São Paulo, Brazil 1 Introduction
Water Resources Management Unit #11 , is inserted in the hydrographic basin of the Ribeira de Iguape River and the southern coast of State of São Paulo -southern Brazil. It has great diversity of terrestrial and water environments, with extensive mountainous areas, steep slopes and floodplains, which contrast with coastal plains, mangroves, marine and river terrace landforms, and especially with the Iguape-Cananéia estuarine lagoon complex. WRMU-11 has great environmental importance because it contains the last continuous remnants of the Atlantic Forest, represented by Dense Ombrophilous Forest, Mixed Ombrophilous Forest, Semi-deciduous Seasonal Forest and associated ecosystems of sandbank and mangroves, as well as island ecosystems and karst environments. In addition, there are 16 state parks, one state forest, one wildlife reserve, and seven ecological stations over an area of 8,391.7 km 2 , which comprises the largest number of Conservation Units under Full Protection of the State of São Paulo. With 19 units of sustainable land use, including nine Sustainable Development Reserves (SDR), seven Environmental Protection Areas (EPA), and three Areas of Ecological Importance (AEI) spread over an area of 4,865.2 km 2 , the total area under protection sums 13.256 km 2 (CBH-RB, 2010).
The environmental fragility of the area is high, not only regarding biodiversity, but also to geodynamic geomorphological processes, particularly high susceptibility to all types of erosion and soil and rock movements, such as landslides. Erosion and landslides occur in different regions of the world, but they are more likely to occur in areas of deep tropical weathering profiles and very intense rainfall, especially in coastal areas of underdeveloped or developing countries. Erosion and landslides have been extensively studied and experts have recommended corrective and preventive measures. Nevertheless, large-scale disasters related to weather conditions and mass movements still occur. Recent examples of great impact in Brazil include landslides in the Itajaí Valley (State of Santa Catarina) in November 2008 (UFSC, 2011); Angra dos Reis (State of Rio de Janeiro) in January 2010 (Barbosa et al, 2011) ; and in the mountainous region of Rio de Janeiro in January 2011 (DRM-RJ, 2011) , resulting in a great number of casualties in all cases.
With preventive and/or corrective measures, it is possible to avoid deaths and mitigate damage to property. The use of geotechnical mapping aids assessment and representation of features of the physical and biological components of the environment, as well as the various forms of land use, and the natural and induced processes (Zuquette & Gandolfi, 2004) . Erosion and landslide susceptibility maps are geotechnical mapping products that can be used as guides to urban and rural planning, indicating areas of potential geological risk and thus assisting relocation of people building and living in these areas.
By combining geotechnical tools and field work, this study aims to develop and assess a new predictive model for the identification of susceptible areas to erosion and landslides in the WRMU-11 region, in coastal region of the State of São Paulo, combining geotechnical tools and field work.
Area, materials and methods

The study area
Water Resources Management Unit #11 (WRMU-11) corresponds to the hydrographic basin of the Ribeira do Iguape River located in the southern coast of the State of São Paulo (Fig. 1) . It covers an area of 17,068 km 2 (CBH-RB, 2010) and extends for 140 km along the Atlantic coast. The area is composed of twenty-three municipalities, with a total population of 361,224 people (IBGE, 2010) . The main rivers in WRMU-11 are the Juquiá, Ribeira, Ribeira de Iguape, São Lourenço, Jacupiranga, Pardo, Una da Aldeia and Itariri. The reservoirs of Alecrim, Barra, França, Porto Raso, Salto de Iporanga and Serraria are located in the Ribeira de Iguape River basin, which is characterized by a very dissected and undulated relief, reaching altitudes higher than 1,000 m, and by steep slopes. It predominantly belongs to the Coastal Province, which is bordered by the Atlantic Plateau, Serra do Mar and Paranapiacaba mountain ranges (Almeida, 1964; Ponçano et al., 1981) .
Methods
The methodology used in this study involves the technical and operational approaches for geotechnical zoning and susceptibility analysis (Becker & Egler, 1996; Ross, 2006a; Theodorovicz & Theodorovicz, 2007; Miranda et al., 2008) . Ross (2006b) describes the multi-level thematic analysis as a basic operational procedure used in the spatial distribution of geo-environmental information, which is characterized by the generation of analytical tools in the first stage, and later, by syn-thesis. Thus, maps of susceptibility to erosion and to land sliding for WRMU-11 were derived from an integrated analysis of the elements of the physical environment. Field control was carried out in areas where these processes were prevalent. The cartographic base was obtained from the official charts at 1:50,000 scale. All field data and ground control points were checked by means of a Differential Global Positioning System receiver (DGPS), respecting the accuracy limits required for class A cartographic charts (Federal Law 89.817, BRASIL, 1984) . The Digital Elevation Model derived from these data is also in accordance with such accuracy limits. Thematic mapping was based on secondary and field data at 1:200,000 scale.
Erosion susceptibility mapping
The use of erosion models has been recommended in order to predict landform stability (Evans & Loch, 1996) . Soil erosion models are the mathematical descriptors used to represent the erosion process. They have been applied in the design of impoundments, erosion control structures, in the evaluation of land-use management practices and environmental planning and assessment. Wischmeier & Smith (1965) developed the Universal Soil Loss Equation (USLE), which is the most widely used of all soil erosion models. USLE estimates the average annual soil loss, using data related to rainfall, soil, topographic and land management characteristics. By modifying the topographic and cover-management factors in USLE and applying a more deterministic approach to calculate the support practice factor, Yoder et al. (1992) developed the Revised Universal Soil Loss Equation (RUSLE). In 1985, USDA initiated the Water Erosion Prediction Project or WEPP (Nearing et al., 1989) , which is capable of predicting spatial and temporal distributions of net soil loss, or net soil loss or gain for the entire hillslope for any period of time. It also has a wider range of applicability as it contains its own process-based hydrology, water balance, plant growth, residue disposal, and soil consolidation models, as well as a climate generator and many other components that broaden its range of applicability (Tiwari et al., 2000) . Cecílio et al. (2009) worked in Viçosa watershed (Minas Gerais State, Brazil) and compared soil loss models obtained by RUSLE and WEPP, showing that the annual soil loss predicted by RUSLE is very similar to the value measured in the field. In some studies realized in USA evaluations of USLE, RUSLE and WEPP showed that USLE and RUSLE had better results than WEPP model on estimates of loss soil (Risse et al., 1993; Tiwari et al., 2000) .
Our choice of methodology was based on the availability of data. The study area is extensive and it is very difficult to acquire enough data to be applied in WEEP. The creation of a database to be applied in RUSLE is comparatively simpler. Besides, RUSLE is a more appropriate model for WRMU-11 because, according to Ubierna et al. (2009) , WEPP and USLE are not adequate for slopes characterized by high erosion rates. Thus, the erosion vulnerability map was developed using the Revised Universal Soil Loss Equation (Eq. 1) with the aid of the IDRISI Andes software, version 15.01 (Eastman, 2006) . This empirical methodology developed by Wischmeier & Smith (1958 , 1978 expresses the combined action of natural (rainfall-runoff erosivity, soil erodibility, and landform characteristics) and anthropogenic factors (land use, management and conservation practices), which influence sheet erosion caused by raindrop splash. RUSLE is represented as follows:
Where A = soil loss per unit area; R = rainfall erosivity: ability of rainfall to cause soil erosion in unprotected areas. It is related to kinetic energy, rainfall intensity and total sheet flow; K = soil erodibility: expresses soil resistance to erosion by water as a function of mineralogical, chemical, morphological and physical properties of the soil; L = slope length: ratio of soil loss from a given slope length to soil loss from a ramp length of 25 meters for the same soil and slope steepness; S = slope steepness: ratio of soil loss (erosion) from a given slope to soil loss from a 9% slope for the same soil and ramp length; C = soil use and management: ratio of soil loss in a cultivated land under certain conditions to the corresponding soil loss from land under the same conditions for assessment of the K factor; and, P = conservation practices: ratio of soil loss from a land cultivated according to a given system to soil loss with straight-row farming up and down the slope.
All parameters were standardized according to the International System (Foster et al., 1981) . This procedure was developed by inserting erosivity and erodibility data in the Tab. of attributes of the vector file (shapefile) of the pedological map. Rasterization followed, so as to generate the erosivity and erodibility maps by means of ArcMap (ESRI, 2009), as proposed by Bertoni & Lombardi (1990) .
The pedological map was elaborated after Lepsch et al. (1999) , who used a legend set up in 1960 for soil mapping (Oliveira, 1999) . This does not create major difficulties to the purposes of the present study, since what matters for the calculations is the soil texture and structure rather than names. When applicable, updates of the current Brazilian System of Soil Classification (SBCS) are cited. A semi-automatic erosivity map was prepared at 1:250,000 scale.
Rainfall erosivity factor
The erosivity values were calculated based on the equation proposed by Bertoni & Lombardi (1990) , who obtained a reliable coefficient of correlation:
Where EI = average monthly rate of erosion in MJ/ha-mm; r = average monthly rainfall in mm; and, P = average annual rainfall in mm.
The data used in this equation were obtained from the Tropical Rainfall Measuring Mission (TRMM), from January 2000 to July 2013 (151 records). These images were clipped with the watershed boundary and vectorized (24 points). Erosivity was calculated for each point, according to Bertoni & Lombardi (1990) . After the computation of the monthly erosivity, the annual erosivity was calculated for each point, and after that, the average between January 2000 and July 2012 was obtained.
Soil erodibility factor
The erodibility values shown in tab. 1 and attributed to each soil class were obtained from Bertoni & Lombardi (1990). The erodibility map was then developed plotting the erodibility values on the pedological map of Lepsch et al. (1999) .
Slope length and steepness factors (L and S)
The slope map was generated from a 1:50,000 scale topographic map, using 20 m-interval contour lines. It was first developed to be used with rasterized databases to generate a Numerical Terrain Model by means of the ArcMap software (ESRI, 2009) . It was then transformed into a slope map using the IDRISI Andes software (Eastman, 2006) . Subsequently, the slope map was reclassified (Tab. 2), according to Bertoni & Lombardi (1990 
Soil use and management factor (C) and conservation practices factor (P)
The C and P factors are treated independently in the Universal Soil Loss Equation. However, in the present study they were correlated. According to Stein et al. (1987) , these factors are so strongly related to each other that they cannot be analyzed individually for the calculation of soil loss by erosion. Thus, a correlation between the C and P factors was derived (Tab. 3), based on Paranhos Filho et al. (2003) . Table 2 . Length and Slope (LS) values assigned to slope classes. Table 3 . Cover and management factor (C) and Support practice factor (P) constitute CP values assigned to land use.
The Landslide Susceptibility Map
Lithological, geomorphological, pedological, and vegetation cover elements that characterize the physical environment were used for analysis of landslide susceptibility. Multi-criteria analysis was performed using the IDRISI Andes software (Eastman, 2006), though some preliminary stages were developed with the ArcMap software (ESRI, 2009).
The Weighted Linear Combination (WLC) module of the IDRISI Andes software was used in the multi-criteria analysis that included correlations between slope, geological, pedological, vegetation and geomorphological maps.
Slope map
In this study the slope map was obtained using 20 m-interval contour lines of 1:50,000-scale maps produced by the Brazilian Institute of Geography and Statistics (IBGE), scanned by the Geographic and Cartographic Institute of the State of São Paulo (IGC) and incorporated to the GIS-RB. Firstly, a Digital Elevation Model (DEM) was generated using the ArcMap software (ESRI, 2009). Next, a slope map based on the DEM was developed with the IDRISI Andes software (Eastman, 2006) .
Geologic map
The geologic map was obtained from the Information System for the Ribeira de Iguape River Hydrographic Basin and Southern Coast of the State of São Paulo (GIS-RB) at 1:250,000 scale (Campanha, 2007) .
Pedological map
Slope stability is a function of the intensity of (Lepsch et al., 1999) .
Soil coverage, geomorphology and rainfall erosivity
The data of the soil coverage were obtained from the Information System for the Ribeira de Iguape River Hydrographic Basin and Southern Coast of the State of São Paulo (GIS-RB) at 1:250,000 scale.
Geomorphological data were obtained from the Information System for the Ribeira de Iguape River Hydrographic Basin and Southern Coast of the State of São Paulo (GIS-RB) at 1:250,000 scale and were originally based on Ross (2002) .
The erosivity values were calculated based on the equation proposed by Bertoni & Lombardi (1990) , who obtained a reliable coefficient already described in this article in "2.2.1 Rainfall erosivity factor".
Standardization of criteria
Standardization of criteria was necessary because of the quantitative and qualitative differences between the criteria used in this assessment. The fuzzy module in IDRISI Andes makes standardization of criteria possible by providing the options of standardization both for a binary scale (zero and one) and for a scale with byte values, ranging from 0 to 255 (8 bits). This last option is recommended because the IDRISI Andes MCE module was designed for faster processing with bytes (Eastman, 2006) .
Weighting of criteria
Many factors were used in multi-criteria analysis for the derivation of landslide vulnerability maps, and it is essential to determine the weights of the classes that make up these factors. These factors are lithology, soil coverage, pedology, geomorphology and rainfall erosivity. The weights of the equation parameters were obtained from several maps produced with different weights and field control data were used to validate the best results.
Lithology, soil coverage and pedology
Based on Crepani et al. (2010) , who weighted lithology classes from 0 to 3 (least to most landslide susceptible), WRMU-11 lithological classes were given the weights (Tab. 4). Also from Crepani et al. (2001) , WRMU-11 soil classes were given the weights (Tab. 5), as well as pedological classes were given the weights (Tab. 6). 
Geomorphology
According to these facts, geomorphological classes were weighted according to slope steepness and density of drainage lines. Thus, the steeper the slope and the denser the drainage, the higher the vulnerability to landsliding. The WRMU-11 gemorphological classes were given the weights (Tab. 7).
In the present study, the weighting process began with the establishment of a hierarchy of criteria, and previous standardization in the fuzzy logic in the 0-255 range, from the least to the most influential factor. Using the weight module of the IDRISI Andes software (Eastman, 2006 ) the criteria were placed on a matrix to perform all possible pairwise comparisons, and, thus, all factors were compared with each other, which resulted in the determination of all the weights (Tab. 8). 
Rainfall erosivity
The weighting process was not applied to rainfall erosivity. This factor was standardized only. The values range between 757.28 and 912.05 MJ/ha-mm. Thus, this interval was transformed to an interval from zero to 255. The average consistency of the weights is zero, which according to the IDRISI Andes software (Eastman, 2006) , is an acceptable value.
The used Weights are Pedology: 0.0714; Geology: 0.1429; Geomorphology: 0.1429; Slope: 0.2143; Rainfall erosivity: 0.2143; Soil coverage: 0.2143.
Validation of the maps
In order to check the accuracy of the landslide and erosion vulnerability maps, data obtained during the field work for the project Levantamento e Monitoramento de Áreas de Risco na WRMU-11 e apoio à Defesa Civil (Survey and Monitoring of Risk Areas in WRMU-11 and support to the Civil Defense Department) were used. Part of the methodology of this project included a field survey to quantify susceptibility to hazards such as landslides, erosion and flood in the twenty-three cities located in WRMU-11. The validation data were gathered on the information on the landslide and erosion vulnerability risk areas in the field work, which included visits to obtain geographic coordinates (using Differential Global Positioning System receptors), the elaboration of reports and photographic records.
The 'Extraction by Mask' tool of the ArcMap software (ESRI, 2009) was used to clip the landslide susceptibility map with the vector file (shapefile) for landslide-prone areas, as indicated by municipal representatives. Thus, it was possible to obtain the percentage of pixels classified as 'Very Low', 'Low', 'Moderate', 'High', and 'Very High' susceptibility to landsliding and to compare this result with the data acquired in the field.
Results
Besides the generation of landslide and erosion susceptibility maps, the model obtained for WRMU-11 may be upgraded and the main advantage of this system is provided of easily entering a new soil/vegetation map in order to periodically update the database. Other thematic maps such as type of human occupation in critical areas and risk calculation could be used, which demonstrate the versatility of the model obtained.
This GIS contains not only landslide and erosion susceptibility maps, but also other digital thematic maps used in the process, satellite images and field data. All files described here are downloadable at the site of the Information System for the Ribeira de Iguape River Hydrographic Basin and Southern Coast of the State of São Paulo (www.sigrb.com.br).
The Erosion Susceptibility Map indicated that the areas of greater susceptibility to erosion are located in the cities of Apiaí, Barra do Chapéu, Barra do Turvo, Cajati, Eldorado, Itaóca, Itapirapuã Paulista and Ribeira. The that most of the study area is located in areas susceptible to erosion, affecting zero to 56 tonnes per hectare per year (Fig. 2) . The Landslide Susceptibility Map shows that only 2.36% of WRMU-11 total area is classified as of very low susceptibility to landsliding; 21.97% as of low susceptibility; 47.08% as of moderate susceptibility; 26.47% as of high susceptibility, and 2.12% as of very high susceptibility (Tab. 9). The high to very high susceptibility to landsliding class occupies 28.6% (4,879.71km2) of WRMU-11 total area (17.067.92 km2), where a that high rainfall may trigger risk situations (Fig. 3) . Table 9 . Landslides susceptibility map areas.
Only ten out of 128 inspected areas (7.81%) were classified as of low susceptibility to landsliding; 56 (43.75%) as of moderate susceptibility; 55 (42.97%) as of high susceptibility; and seven (5.47%) as of very high susceptibility to landsliding (Tab. 10). Therefore, out of 128 inspected areas, 62 landslides (48.44%) occurred in areas of high to very high landslide susceptibility, according to the Landslide Susceptibility Map. Seven areas in Barra do Turvo city with landslide problems were inspected. In BAR-5-3 (longitude: 48°27'54.46"O, latitude: 24°55'28.90"S), show in Fig. 4a , vegetation is present but it is still growing. It is possible that the steep slopes triggered landslide processes. The area is classified as of high susceptibility in the Landslide Susceptibility Map (Fig. 4b and Fig. 4c ).
In Cajati (sixteen areas inspected), the weathered rock profile is very thick at CAJ-6-1 (longitude: 48°6'32.81"O, latitude: 24°43'55.26"S), show in Fig. 5a . In association with heavy rainfall and scarce vegetation, landslides are expected to occur. A landslide occurred in an area of high susceptibility ( Fig. 5b and Fig. 5c ).
CLASS
Area ( In Eldorado, where landslides occurred in nine sites located in ELD-8-2 (longitude: 48°16'34.79"O, latitude: 24°35'50.89"S), show in Fig. 6a , the situation is similar to that shown in fig.  5c (scarce vegetation and steep slopes). It is located in an area of very high susceptibility (Fig. 6b and Fig. 6c ).
Discussion
The Erosion Susceptibility Map was drawn according to the RUSLE. Given the favourable results of the field control, this technique seems to be suitable in terms of the proposed objective. Although the final map contains quantitative data, the model proposed here is better used as a qualitative indicator of risk areas.
Erosion is related to physical characteristics such as the amount and distribution of rainfall, slope steepness, length and shape of the slope, type of vegetation and also the action of man (Guerra & Mendonça, 2004) . A different process is landsliding, which is the movement of a large volume of material (soil and rock) down slope by the influence of gravity (main factor), being triggered by direct interference of independent media, such as water, ice or air (Bigarella, 2003) . Thus, both events do not necessarily have to occur in the same location or at the same time.
The type of vegetation is an important factor in determining areas susceptible to landslides. Landslides can be induced in areas with steep slopes and large vegetation cover because a large volume of rain combined with the presence of shallow soil can cause overloading on the surface of bedrock. However, in certain areas the presence of vegetation can minimize landsliding (Nummer, 2003) . Monguilhott (2008) confirms the beneficial effects of vegetation on slope stability, as the removal of vegetation increases the speed in which landsliding takes place.
The efficiency of the Landslide Susceptibility Map is demonstrated and quantified by field control. In 48.44% of the 128 inspected sites, landslides occurred in areas classified as of high to very high vulnerability. The remaining 51.56% were ranked as of 'low' and 'moderate' susceptibility. However, these situations do not diminish the importance and the accuracy of the map produced because some landslides were caused by anthropic action, with the creation of artificial slopes for the construction of simple dwellings. It is important to note that none of inspected sites were located in areas classified as of very low vulnerability. This fact corroborates with the accuracy of the landslide susceptibility map.
The areas indicated as of high susceptibility to landsliding are those identified by the municipalities of Barra do Turvo and Cajati. In Eldorado, such areas were classified as of very high susceptibility. Field inspection demonstrated that landslides have occurred in these areas. As observed in the Landslide Susceptibility Map, the areas of greater landslide susceptibility are located in Barra do Turvo, Eldorado, Cajati and Barra do Chapéu, probably because of the very dissected and undulating relief (Figs. 5-7) .
According to Crepani et al. (2001) , relief dissection is associated with soil and rock porosity and permeability. Impermeable rocks and soils hinder the infiltration of rainwater and consequently surficial drainage is more intense. A larger volume of water being drained on the surface leads to greater availability of potential energy for runoff and a greater ability to promote morphogenesis. The less intense dissection is, the less vulnerable the slope is to landsliding (values close to stability). On the other hand, the more intense dissection is, the more vulnerable the relief is to landsliding.
Despite the regional scale, the present model was successful in the identification of the most critical areas in WRMU-11. Further detailed studies are needed to aid mitigation actions and to support the preventive plans of the municipal civil defense departments, urban and rural planning, and ecological and economic zoning. 
Conclusions
Erosion and landsliding can have natural or anthropogenic causes. Human activities should be carefully carried out to prevent instability and erosion. The problems due to these hazards have been exacerbated by the migration of people from rural areas to unoccupied areas in the cities, most of which are at geological or hydrological risk.
Ten occurrences were situated in areas classified as low susceptibility to landslides; fifty-six occurrences in areas of moderate susceptibility, fifty-five in areas of high susceptibility, and seven in areas were situated in areas of very high susceptibility to landslides. Field data showed that the Erosion and Landslide Susceptibility Maps have provide reliable predictions
The use of GIS allowed the integration of data from different sources that, combined, led to the development of regional wide erosion and landslide susceptibility mapping. Field data showed that the Erosion and Landslide Susceptibility Maps, in 1:250,000 scale, provide reliable predictions. A good correlation was obtained between field data and cartographic products. When compared to traditional techniques of geotechnical mapping the methodology applied in this study can be usefull to economy of time and resources in this kind of search.
